Electrical performance of degraded MEMS metallic switches (ohmic contacts) is studied analytically in this paper. The degradation mechanism is based on gradual growth of an insulating film at the contact interface and the characteristics of the insulating film are assumed to be known without considering details regarding the physical and chemical origins of the growth mechanisms. The present study relies on recently developed theories for electrical contact resistance (ECR) of clean and fully-contaminated (i.e., the entire contact area is coated with an insulating film) rough surfaces thus, bridging the gap between these two extreme cases. A relationship is obtained between the degraded ECR and the metallic conductance area. The effect of tunneling currents on the performance of partially-contaminated surfaces is found to be negligible due to the considerable current flow across the metallic asperity contacts.
INTRODUCTION
Switches and relays have various applications, such as automotive and switching power supply, automatic test equipment, and communication. The North American relay market alone is U.S. $1.4 billion, and the recent explosive market share of surface-mount relays (from 1.2% in 1993 to 19.6% in 1997) demonstrates the value of miniaturization [1] . From the original conceptualization of a microfabricated switch in 1979 [2] , many notable attempts have been made to develop MEMS switches due to their inherent advantages over macroscopic and microelectronics devices. However, resistive failure of MEMS ohmic switches is still a major reliability concern of these microdevices.
When bare electrical contacts made of materials such as, aluminum, copper, and nickel are subjected to corrosive environment the peripheries of individual asperity contacts are attacked, causing insulating films to grow radially inward. Hence, the areas of the metallic asperity contacts shrink, pinching off the available metallic conduction area and choking the current flow through these spots. In the case of noble metal plated electrical contacts, insulating corrosion film can grow from defects sites in the noble metal, spread over the surface and seep gradually into the asperity contacts, thereby decreasing the metallic conductance area [3] [4] . It has been shown that gold surfaces, while not subject to oxidation, are nevertheless not free from insulating films [5] [6] .
The performance of a degraded electrical microswitch is bounded by those of clean and fully-contaminated electrical contacts. Recent developments in ECR modeling have provided the means to accurately predict the performance of clean [7] and fully-contaminated [8] electrical contacts. Thus, the purpose of the present study is to investigate the performance of a MEMS switch during the degradation process hence, bridging the gap between the two extreme cases of pristine [7] and fully-contaminated [8] electrical contacts.
THEORETICAL BACKGROUND
The electrical performance of degraded electrical contacts is determined by contact mechanics of the mating surfaces and charge transport across the asperity contacts. Because insulating films at the contact interfaces are typically thin, their influence on the contact mechanics of the mating surfaces is negligible [9] however they have profound influence on the electrical response [10] . Therefore, the mechanical response of the mating surfaces is unchanged during the degradation process and the same elastic-plastic contact mechanics model [9] can be used. The mechanical response is determined by the surface topography (fractal parameters D and G), mechanical properties (reduced elastic modulus E and yield strength of the softer material Y), and contact load P. The ECR is affected by the specific resistivity ρ and the mean free path of electrons λ for clean surfaces and insulating film characteristics, i.e., thickness t, dielectric constant K, and energy barrier height above the Fermi level of the conductive surfaces φ, and the voltage drop across the film V for contaminated surfaces.
RESULTS AND DISCUSSION
The present study is performed for gold surfaces with an equivalent rough surface [7] of apparent area A a = 1 µm September 12-16, 2005, Washington, D.C., USA 
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It is a common practice that surfaces are contaminated and therefore, the results shown in Fig. 1 represent an ideal case. As a first approximation, the contaminant film is assumed to be thick enough (i.e., t > 50 Å) so electron tunneling is eliminated [11] . A / A o is maintained, indicative of the dominating ballistic charge transport mechanism across the asperity contacts [7] .
The above results were obtained under the assumption that the insulating film is thick enough to eliminate tunneling currents across the contact interface. However, for thin insulating films, i.e., t < 50 Å [11] , electrons can tunnel through insulating films and it is important to explore the influence of this phenomenon on the performance of degraded electrical contacts. The following characteristics were assumed for the insulating film t = 10 Å, k = 4, and φ = 3 eV, which coated all the asperity contact except of the smallest one. The obtained current versus voltage I -V response (not shown here for brevity) remained ohmic (linear) which is counterintuitive. This is because the tunneling currents through contaminated asperity contacts are negligible compared with the current flow across the asperity contact possessing metal-metal microstructure and therefore, the contribution of the tunneling currents to the total current I is insignificant. Thus, the nonlinear I -V behavior of the tunneling current is obscured by the dominating linear I -V response of the metallic asperity contact.
CONCLUSIONS
The performance of degraded MEMS switches was studied by means of previously developed theories for clean [7] and fully-contaminated [8] electrical contacts thus, bridging the gap between these two extreme cases. In view of the presented results and discussion, the following main conclusions can be drawn.
(1) In the case of clean electrical contacts, the constriction resistance is dependent on the applied load and can assume high values even for relatively conductive surfaces, due to the small real contact area.
(2) The ratio between the ECR of degraded and clean electrical contacts is inverse proportional to the ratio between the metallic conductance area and the real contact area, regardless of the contact load, surface topography, and electrical and mechanical properties. This general relationship is valid for materials possessing mean free path of electrons larger than 20 nm, where ballistic charge transport mechanism prevails.
(3) Tunneling current across asperity contacts possessing metal-insulating film-metal microstructure, does not alter the current versus voltage response of degraded electrical contacts compared with the case of thick insulating films, where no tunneling current occurs across contaminated asperity contacts. 
